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POWER-CONVERSION CONTROL SYSTEM 
INCLUDING SLIDING MODE CONTROLLER 

AND CYCLOCONVERTER 

BACKGROUND OF THE INVENTION 

[0001] This application relates to a poWer-conversion con 
trol system, and more particularly to a poWer-conversion 
control system including a sliding mode controller and a 
cycloconverter. 
[0002] Some aircraft, such as military ?ghter aircraft, uti 
liZe various alternating current (“AC”) Weapon and instru 
ment systems. To use those devices in direct current (“DC”) 
poWer systems, specially designed inverters (known as “non 
linear inverters” for their use With non-linear loads) have been 
used to perform a DC to AC poWer conversion. Some non 
linear inverters Were designed to utiliZe 400 HZ step-up three 
phase transformers, Which are heavy and bulky, and Which 
have produced signi?cant harmonic distortion. 

SUMMARY OF THE INVENTION 

[0003] A poWer-conversion control system includes an 
inverter, a cycloconverter, and a sliding mode controller. The 
inverter is operable to receive a DC voltage input and produce 
a ?rst AC voltage output having a ?rst frequency. The cyclo 
converter has a plurality of bidirectional sWitches, and is 
operable to receive the ?rst AC voltage and to synthesiZe a 
second AC voltage having a second frequency that is loWer 
than the ?rst frequency. The sliding mode controller is oper 
able to provide a control signal to command the plurality of 
bidirectional sWitches to turn OFF and ON When the ?rst AC 
voltage is at a Zero crossing condition. The sliding mode 
controller is also operable to selectively adjust the frequency 
and amplitude of the second AC voltage. 
[0004] A method of providing alternating current to a load 
includes converting a DC voltage into a ?rst AC voltage 
having a ?rst frequency. A plurality of sWitches in a cyclo 
converter is commanded to turn OFF or ON to synthesiZe a 
second AC voltage having a second frequency that is loWer 
than the ?rst frequency. The plurality of sWitches is turned 
OFF or ON When ?rst AC voltage is at a Zero crossing con 
dition. The rate at Which the plurality of sWitches are turned 
OFF and ON is selectively adjusted in response to a voltage 
feedback signal and a current feedback signal to minimiZe a 
difference betWeen the voltage feedback signal and a desired 
voltage. 
[0005] These and other features of the present invention can 
be best understood from the folloWing speci?cation and 
draWings, the folloWing of Which is a brief description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIG. 1 schematically illustrates a single phase 
poWer-conversion control system. 
[0007] FIG. 2 schematically illustrates a high frequency 
square Wave inverter of the poWer-conversion control system 
of FIG. 1. 
[0008] FIG. 3 schematically illustrates a plurality of input 
signals and an output signal for the square Wave inverter of 
FIG. 2. 

[0009] FIG. 4 schematically illustrates a single phase 
cycloconverter of FIG. 1. 
[0010] FIG. 5 schematically illustrates a three phase cyclo 
converter. 
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[0011] 
sWitch. 
[0012] FIG. 6b schematically illustrates a second bidirec 
tional sWitch. 
[0013] FIG. 60 schematically illustrates a third bidirec 
tional sWitch. 
[0014] FIG. 7 schematically illustrates a signal steering 
block of the poWer-conversion control system of FIG. 1. 
[0015] FIG. 8 schematically illustrates a sliding mode con 
troller of the poWer-conversion control system of FIG. 1. 
[0016] FIG. 9 schematically illustrates a sliding mode tra 
jectory of the sliding mode controller of FIG. 8. 

FIG. 6a schematically illustrates a ?rst bidirectional 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0017] FIG. 1 schematically illustrates a single phase 
poWer-conversion control system 20. This poWer-conversion 
control system 20 could be used, for example, in vehicles 
such as aircraft. Of course other applications Would also be 
possible. The system 20 includes a high-frequency square 
Wave inverter 22, a high-frequency isolation transformer 24, 
and a cycloconverter 26. The inverter 22 is operable to convert 
a voltage from a DC poWer source 28 to a ?rst, high frequency 
AC voltage. In one example the frequency of the ?rst, high 
frequency AC voltage is on the order of 20 KHZ to Well over 
100 kHZ. Of course, other high frequencies Would be pos 
sible. The transformer 24 includes a plurality of inductive 
Windings 4611-0 and is operable to electrically isolate the 
square-Wave inverter 22 from the cycloconverter 26, and is 
also operable to step-up or step-doWn the amplitude of the 
high frequency voltage to a desired level. Although FIG. 1 
illustrates the transformer 24 as having three inductive Wind 
ings 46a-c, other electromagnetic coupling topologies could 
be utiliZed. 
[0018] The square-Wave inverter 22 includes a plurality of 
poWer sWitches 32a-d. As shoWn in FIG. 2, each poWer sWitch 
32 includes a controllable sWitch 34 and a diode 36 connected 
in parallel. Each controllable sWitch 34 could correspond to 
any of a variety of sWitching devices, such as a MOSFET, 
BJT, JFET, IGBT, etc. A gate of each sWitch 34a-d is con 
nected to a gate driver 40 via inputs 38a-d. Although the gate 
driver 40 is shoWn as a single unit, it is understood that the 
gate driver 40 could include a plurality of gate drivers. 
[0019] A phase shift controller 42 (see FIG. 1) controls the 
gate driver 40 and selectively commands the poWer sWitches 
32a-d to turn ON and OFF to produce a square Wave output 
voltage 44 Which corresponds to the ?rst high frequency AC 
voltage (see FIG. 3). As shoWn in FIG. 3, the square Wave 
output 44 approximates a square Wave AC Waveform. The 
output voltage 44 has a value of Zero at an adjustable time 
period 45 (“6”). The phase shift controller 42 is operable to 
adjust the duration of time period 45 (“6”). The phase shift 
controller 42 transmits a synchronization signal 53 to a signal 
steering block 54 (see FIG. 1) to indicate When the output 
voltage 44 is at the Zero voltage. A lag 47 (“n-6”) represents 
the time betWeen sWitching of signals 3811-19 and 38c-d. 
[0020] Referring to FIG. 1, the cycloconverter 26 includes 
a plurality of bidirectional sWitches 5011-19 and is operable to 
receive the ?rst, high frequency AC voltage and to synthesiZe 
a second AC voltage having a second frequency that is loWer 
than the ?rst frequency. In one example the second frequency 
is on the order of 50 HZ-400 HZ. Of course, it is possible that 
other frequencies could be used. A gate driver 52 (see FIG. 1) 
is operable to turn the bidirectional sWitches 50a-b OFF or 
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ON to synthesize the second AC voltage. Although the gate 
driver 52 is shown as a single unit, it is understood that the 
gate driver 52 could include a plurality of gate drivers. 
[0021] A signal steering block 54 provides ON/OFF signals 
to the gate driver 52, and receives the synchronization signal 
53 from the phase shift controller 42. A sliding mode control 
ler 56 is operable to receive a voltage feedback signal 58 (“ 
\Al”) and a current feedback signal 60 (“I”) from the output 
?lter 48, and is operable to provide a control signal 55 to 
control the signal steering block 54. The synchronization 
signal 53 enables the cycloconverter 26 to be synchronized 
With the inverter 22 so that the cycloconverter can turn the 
bidirectional sWitches 50a-b ON and OFF When the ?rst AC 
voltage is at the zero crossing condition (or “zero voltage 
transition”), as indicated by time period 45 in FIG. 3. 
[0022] FIG. 4 schematically illustrates a single-phase 
cycloconverter 26a. Each bidirectional sWitch 50a-b (see 
FIG. 1) includes a ?rst sWitch 62, a second sWitch 64, a ?rst 
diode 66, and a second diode 68. Gate driver 5211 provides 
control signals 53a-d to the gates of the sWitches 62a-b, 64a-b 
to selectively turn the sWitches 62a-b, 64a-b OFF and ON. 
[0023] Of course, the cycloconverter 26a does not have to 
be a single-phase cycloconverter, and could be con?gured for 
other quantities of phases. FIG. 5, for example, schematically 
illustrates a three-phase cycloconverter 26b. In this example 
bidirectional sWitches 50a, 50b are driven by a ?rst gate driver 
52a and their output corresponds to a ?rst phase of current 
Which is electrically connected to a ?rst output ?lter 48a and 
a ?rst load 30a. Bidirectional sWitches 50c, 50d are driven by 
a second gate driver 52b and their output corresponds to a 
second phase of current Which is electrically connected to a 
second output ?lter 48b and a second load 30b. Bidirectional 
sWitches 50e, 50f are driven by a third gate driver 52c and 
their output corresponds to a third phase of current Which is 
electrically connected to a third output ?lter 48c and a third 
load 300. The three phases of current can be evenly spaced 
apart at 120°, 240°, and 360° respectively. In one example, 
each gate driver 52a-b Would be connected to its oWn sliding 
mode controller 56. Also, although three loads 30a-c are 
illustrated, it is possible that the loads 30a-c could correspond 
to a single load receiving all three phases of AC. 
[0024] FIGS. 6a-c illustrates a variety of bidirectional 
sWitches 50, 50' 50". FIG. 6a schematically illustrates the 
bidirectional sWitch 50 of FIG. 4 that includes a sWitch 62 and 
a diode 68 electrically connected in parallel, and a sWitch 64 
and diode 66 electrically connected in parallel. The sWitch 62 
and diode 68 are electrically connected in series to the sWitch 
64 and diode 66 via a connection 74. 

[0025] FIG. 6b schematically illustrates a bidirectional 
sWitch 50' that omits the connection 74. Thus, in FIG. 6b the 
sWitch 62 and diode 66 are electrically connected in series, 
and the sWitch 64 and diode 68 are also electrically connected 
in series. Without the connection 74, the sWitch 62 and diode 
66 are electrically connected in parallel With the sWitch 64 
and diode 68. 
[0026] FIG. 60 schematically illustrates a bidirectional 
sWitch 50" that includes a single sWitch 62 electrically con 
nected in parallel With a ?rst pair of diodes 66, 68 and elec 
trically connected in parallel With a second pair of diodes 70, 
72. It is understood that the sWitches 62, 64 as shoWn in FIGS. 
6a-c could correspond to a variety of sWitching devices, such 
as a MOSFET, BJT, JFET, IGBT, etc. 
[0027] FIG. 7 schematically illustrates the signal steering 
block 54 of FIG. 1 in greater detail. Control signal 55 is 
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connected to ?ip-?op 76a, and synchronization signal 53 is 
connected to ?ip-?ops 76a and 76b. The outputs of ?ip-?ops 
76a-b are connected to AND gates 78a-d, Whose outputs are 
connected to OR gates 80a-b. The output of OR gate 80a is 
fed into gate driver module 82a Which splits the output signal 
into identical signals 53a and 53d (see FIG. 4). The output of 
OR gate 80b is fed into gate driver module 82b Which splits 
the output signal into identical signals 53b and 530 (see FIG. 
4). 
[0028] FIG. 8 schematically illustrates the sliding mode 
controller 56 of FIG. 1 in greater detail. The sliding mode 
controller 56 is operable to adjust the rate at Which the bidi 
rectional sWitches 50 are turned OFF and ON to adjust the 
frequency, and consequently the magnitude, of the second 
voltage. By adjusting this rate, the sliding mode controller 56 
can minimize the difference betWeen the voltage feedback 
signal 58 and the desired voltage signal 96 (“v*”), and can 
also minimize the difference betWeen the current feedback 
signal 60 and the desired current signal 98 (“i*”). The signals 
i* and v* are loWercase to indicate that they are time-varying 
signals. The asterisk (“*”) symbol denotes that the signals i": 
and v* are reference signals, as opposed to signals V and I 
Which include a carat (“A”) to denote that they are feedback 
signals). The folloWing equations can be used to determine v* 
and i*: 

[0029] Where V*RMS is a root-mean squared voltage refer 
ence signal 112; and 

[0030] u) is a ?lndamental frequency of inverter 22 
(Which can be measured in radians per second). 

[0031] Where I*RMS is a root-mean squared current refer 
ence signal 114. 

equation #1 

equation #2 

I*RMS: V*RMS(1)C equation #3 

[0032] Where C is the capacitance of capacitor 162. 
[0033] The sliding mode controller 56 receives the voltage 
feedback signal 58 (“\Al”), the current feedback signal 60 
(“I”), the voltage reference signal 112 (“V*RMS”) and the 
current reference signal 114 (“I *RMS”) as inputs. Because the 
cycloconverter 26 yields an AC output, root-mean squared 
(“RMS”) current and voltage values are used in calculating 
control signal 55. 
[0034] An angle generator 90 produces a signal (“(1)”) Which 
is then processed by a sine module 92 and a cosine module 94 
to provide time-varying capacitor voltage and capacitor ref 
erence signals (see v* and i* equations #1, #2 above and 
equations #4, #5 beloW). The ?xed amplitude capacitor volt 
age and capacitor current values are used to calculate desired 
voltage signal 96 (“v*”) and desired current signal 98 (“i*”). 
The signals 58, 96 are used to calculate a ?rst error signal 100 
(“e”), and the signals 60, 98 are used to calculate a second 
error signal 102 (“e”). The error signal 100 corresponds to a 
difference betWeen the voltage feedback signal 58 and the 
desired voltage signal 96 (“v*”). The second error signal 102 
(“e”) corresponds to a derivative of the ?rst error signal 100. 
The sliding mode controller 56 uses the error signals 100, 102 
and a coe?icient 104 (“7»’’) to calculate signal 106 (“S”). The 
signal 106 is passed through a zero-crossing detector 108 to 
produce control signal 55. 
[0035] Since current can be calculated as a derivative of 
voltage, the controller feedback signal can be calculated With 
either of the folloWing equations: 
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[0036] Where S is signal 106; 
[0037] 7» is a coe?icient 104; 
[0038] <7 is the voltage feedback signal 58; 
[0039] v* is the time-varying desired voltage signal 96; 
[0040] l is the current feedback signal 60; and 
[0041] i* is the time-varying desired current signal 98. 

[0042] Also, the error signals 100, 102 may be expressed in 
relation to equations #4 and #5 above. 

A equation #6 s = v* — V 

g = i (v* _ ‘7) equation #7 
dz 

[0043] FIG. 9 schematically illustrates a sliding mode tra 
jectory 110 of the sliding mode controller 56. The horizontal 
axis represents the ?rst error signal 100 (“e”) and the vertical 
axis represents the second error signal 102 (“e”). The sliding 
mode controller 56 sWitches between “ON” and “OFF” states 
along the trajectory 110 along reference plane 106, as shoWn 
in FIG. 9, enabling the system 20 to accurately track the 
desired voltage Waveform reference v*. The value of coef? 
cient 104 (“7t”) determines a slope of the trajectory 110. The 
system 20 of FIG. 1 “slides” along the trajectory 110 toWard 
the origin (i.e. intersection of axes 100, 102) exponentially 
With a time constant of l/7t. 
[0044] Although multiple embodiments of this invention 
have been disclosed, a Worker of ordinary skill in this art 
Would recognize that certain modi?cations Would come 
Within the scope of this invention. For that reason, the folloW 
ing claims should be studied to determine the true scope and 
content of this invention. 
What is claimed is: 
1. A poWer-conversion control system comprising: 
an inverter operable to receive a DC voltage input and 

produce a ?rst AC voltage output having a ?rst fre 
quency; 

a cycloconverter having a plurality of bidirectional 
sWitches, and being operable to receive the ?rst AC 
voltage and to synthesize a second AC voltage having a 
second frequency that is loWer than the ?rst frequency; 
and 

a sliding mode controller operable to provide a control 
signal to command the plurality of bidirectional 
sWitches to turn OFF and ON When the ?rst AC voltage 
is at a zero crossing condition, and operable to selec 
tively adjust the frequency and amplitude of the second 
AC voltage. 

2. The system of claim 1, Wherein the sliding mode con 
troller selectively adjusts the frequency of the second AC 
voltage by selectively adjusting a rate at Which the plurality of 
bidirectional sWitches are turned OFF and ON. 

3. The system of claim 1, Wherein the sliding mode con 
troller selectively adjusts a rate at Which the plurality of 
bidirectional sWitches are turned OFF and ON in response to 
a voltage feedback signal and a current feedback signal, and 
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Wherein the sliding mode controller adjusts the rate to mini 
mize a difference betWeen the voltage feedback signal and a 
desired voltage. 

4. The system of claim 1, including a transformer operable 
to electrically isolate the inverter from the cycloconverter. 

5. The system of claim 1, further comprising: 
an output ?lter operable to remove high frequency compo 

nents of the second AC voltage. 
6. The system of claim 5, Wherein the output ?lter includes 

at least one capacitor and at least one inductive Winding, and 
is electrically connected to the cycloconverter and to at least 
one load. 

7. The system of claim 6, Wherein the at least one load 
corresponds to at least one electrical device in or on an air 
craft. 

8. The system of claim 1, further comprising: 
a phase shift controller operable to command at least one 

?rst gate driver to turn a plurality of poWer sWitches in 
the inverter OFF or ON. 

9. The system of claim 8, Wherein each of the plurality of 
poWer sWitches includes a sWitch and a diode electrically 
connected in parallel. 

10. The system of claim 8, further comprising: 
a signal steering block operable to command at least one 

second gate driver to turn the bidirectional sWitches to 
turn OFF or ON in response to the control signal from 
the sliding mode controller and a synchronization signal 
from the phase shift controller, Wherein the synchroni 
zation signal indicates When the ?rst AC voltage is at a 
zero crossing condition. 

11. The system of claim 8, Wherein the signal steering 
block includes a plurality of ?ip-?ops, a plurality of AND 
gates, and a plurality of OR gates. 

12. The system of claim 1, Wherein the ?rst AC voltage is a 
square Wave voltage. 

13. The system of claim 1, Wherein at least one of the 
plurality of bidirectional sWitches includes a ?rst sWitch and 
a ?rst diode electrically connected in parallel, and a second 
sWitch and a second diode electrically connected in parallel, 
Wherein the ?rst sWitch and ?rst diode are electrically con 
nected in series to the second sWitch and second diode. 

14. The system of claim 1, Wherein at least one of the 
plurality of bidirectional sWitches includes a ?rst sWitch and 
a ?rst diode electrically connected in series, and a second 
sWitch and a second diode electrically connected in series, 
Wherein the ?rst sWitch and ?rst diode are electrically con 
nected in parallel With the second sWitch and the second 
diode. 

15. The system of claim 1, Wherein at least one of the 
plurality of bidirectional sWitches includes a sWitch electri 
cally connected in parallel With a ?rst pair of diodes, and 
electrically connected in parallel With a secondpair of diodes. 

16. A method of providing alternating current to a load, 
comprising: 

converting a DC voltage into a ?rst AC voltage having a 
?rst frequency; 

commanding a plurality of sWitches in a cycloconverter 
turn OFF or ON to synthesize a second AC voltage 
having a second frequency that is loWer than the ?rst 
frequency, Wherein the plurality of sWitches are turned 
OFF or ON When ?rst AC voltage is at a zero crossing 
condition; and 

selectively adjusting a rate at Which the plurality of 
sWitches are turned OFF and ON in response to a voltage 
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feedback signal and a current feedback signal to mini 
miZe a difference between the Voltage feedback signal 
and a desired Voltage. 

17. The method of claim 16, further comprising: 
generating a synchronization signal to indicate When the 

?rst AC Voltage is at a Zero crossing condition. 
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18. The method of claim 16, further comprising: 
?ltering out high frequency components of the second AC 

Voltage; and 
coupling the ?ltered secondAC Voltage to at least one load. 

* * * * * 


